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Abstract Understanding the characteristics of drawing body shape is essential for optimization of drawing parameters in
longwall top coal caving mining. In this study, both physical experiments and theoretical analysis are employed to
investigate these characteristics and derive a theoretical equation for the drawing body shape along the working face in an
inclined seam. By analyzing the initial positions of drawn marked particles, the characteristics of the drawing body shape
for different seam dip angles are obtained. It is shown that the drawing body of the top coal exhibits a shape-difference and
volume-symmetry characteristic, on taking a vertical line through the center of support opening as the axis of symmetry,
the shapes of the drawing body on the two sides of this axis are clearly different, but their volumes are equal. By
establishing theoretical models of the drawing body in the initial drawing stage and the normal drawing stage, a theoretical
equation for the drawing body in an inclined seam is proposed, which can accurately describe the characteristics of the
drawing body shape. The shape characteristics and volume symmetry of the drawing body are further analyzed by
comparing the results of theoretical calculations and numerical simulations. It is shown that one side of the drawing body is
divided into two parts by an inflection point, with the lower part being a variation development area. This variation
development area increases gradually with increasing seam dip angle, resulting in an asymmetry of the drawing body
shape. However, the volume symmetry coefficient fluctuates around 1 for all values of the seam dip angle variation, and the
volumes of the drawing body on the two sides are more or less equal as the variation development volume is more or less
equal to the cut volume. Both theoretical calculations and numerical simulations confirm that the drawing body of the top
coal exhibits the shape-difference and volume-symmetry characteristic.
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1 Introduction Most current research on LTCC in inclined seams concerns

the top coal drawing mechanism, support stability, failure
Longwall top coal caving (LTCC) mining is an efficient  characteristics of overburden strata, and control of sur-
method for extracting thick coal seams, and, with the  rounding rock. Wang and Zhang (2015), Wang et al.
development of high-performance equipment, it has (2019), Zhang et al. (2018a, b), and Song and Konietzky
become widely used in inclined and steeply inclined seams. (2019) used the boundary-body-ratio (BBR) system, based
on a series of laboratory experiments, field measurements
and numerical calculations, to reveal the relationships
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recovery ratio in the LTCC panel. Yasitli and Unver (2005)
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to the fluidity of top coal caving. To make the control of the
surrounding rock more effective and improve the stability
of the supports of the LTCC panel in steeply inclined coal
seams, Wang et al. (2017) and Li et al. (2017) analyzed the
forces imposed on the supports and proposed a new caving
method drawing downward segment by segment while
drawing upward in each segment. Based on a large number
of creep experiments, Verma and Mishra (2015) investi-
gated the time-dependent deformation behavior of imme-
diate coal measures rock and explained the effect of time-
dependent deformation on roof stability. Le et al
(2018, 2019) studied the stress distribution, coal and rock
failures, and roof strata rupture in the LTCC panel, and
then analyzed the impact of overburden movement on top
coal caving. Jeromel et al. (2010) and Likar et al. (2012)
investigated the multilevel LTCC process by FLAC? and
in situ measurements during coal excavation in the Velenje
Coal Mine. Kumar et al. (2015) revealed that a weak coal
mass and a high vertical stress on the coal seam were the
two most important geological parameters determining the
success of LTCC, and this method has been used for bord-
and-pillar mining in India. Vakili and Hebblewhite (2010)
developed a method for assessing cavability through the
study of six factors that can affect the caving of top coal
and thereby increased overall understanding of the caving
mechanism in LTCC. However, there has been little
research on the shape characteristics or on deriving a the-
oretical equation for the drawing body in an inclined seam,
which would provide the basis for developing a drawing
method to improve top coal recovery. Melo et al.
(2007, 2009) derived an equation for the drawing body in a
flat seam in the cases of both single and multiple openings,
based on the Bergmark—Roos and kinematic models. Yu
et al. (2017) used stochastic medium theory to obtain an
equation for the drawing body shape and the boundary of
the top coal. Taking account of the influence of the shield
beam on the drawing process, Wang et al. (2016) derived
an equation for the drawing body along the direction of
advance of the working face and found that the drawing
body was a cut-variation ellipsoid, whose lower part was
cut by the shield beam and whose upper part developed
toward the front of the support.

In summary, the drawing body shape has been studied
under the condition of a flat seam and along the direction of
advance of the working face, with the aim of providing
help in choosing an appropriate drawing interval. However,
in an inclined seam, the drawing body shape along the
working face is affected by the seam dip angle, and this
will directly influence the determination of the drawing
parameters and the ability to improve top coal recovery. To
date, there have been no theoretical studies of the drawing
body in an inclined seam. Therefore, in this paper, to
remedy this deficit, an equation for the drawing body along

the working face in an inclined seam is derived for the first
time, and the characteristics of the drawing body shape
during both the initial and normal drawing stages are
analyzed in detail.

2 Physical experiments
2.1 Experimental device and model layout

To study the influence of the seam dip angle o on drawing
body shape, drawing experiments were carried out using a
custom-built experimental device. The geometric similarity
ratio of the experimental model was 30:1, the coal seam
was laid 300 mm thick with cyan limestone particles (with
the heights of the bottom and top coal being 100 mm and
200 mm, respectively), and the rock was laid 200 mm
thick with white limestone particles. As shown in Fig. 1,
the supports were numbered 1-24 from left to right. Six
supports at each end of the device were in a no-drawing
area to eliminate boundary effects on the model during the
top coal drawing process. In addition, the marked particles
laid over supports Nos. 4-21 in the coal seam were
arranged in seven layers, with 54 (3 rows and 18 columns)
in each layer, and the space between the layers in the
vertical direction was 30 mm.

Initial models of top coal drawing experiments with six
values of seam dip angle (« = 0°, 10°, 20°, 30°, 40°, and
50°) were established to study the influence of this angle on
the drawing body shape of the top coal. Figure 2 shows
three of the models at the initial stage, in which the
drawing sequence of the top coal is from support No. 7 to
support No. 18. After each drawing, the mass of drawn top
coal and the number of drawn marked particles were
recorded to analyze the shape of drawing body of the top
coal.

Laying marked particle

Fig. 1 Experimental device and layout of marker particles
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(a)

Fig. 2 Three of the experimental models in the initial stage: a « = 0°;
b o =20°%ca=50

2.2 Experimental results and analysis

Figure 3 shows the curves of variation of the mass of
drawn top coal m,. with support number and of the total
mass of drawn top coal m,, with seam dip angle. It can be
seen that with increasing seam dip angle, the initial m,. (m,.
from support No. 7) increased gradually. However, the
difference between adjacent drawings also increased sig-
nificantly, which is not conducive to a balanced top coal
drawing process. From Fig. 3b, we can see that m,, also
increased gradually with increasing seam dip angle. At the
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Fig. 3 a Variation of mass of drawn top coal with support number;
b variation of total mass of drawn top coal with seam dip angle

same time, from the shape of the boundary of the top coal,
it can be seen that m. at the lower end of the panel
decreased gradually, while m, at the upper end of the panel
increased significantly, which does not help to improve top
coal recovery at the lower end or the stability of the
roadway at the upper end. To solve these problems, it is
helpful to derive a theoretical equation for the drawing
body in an inclined seam and determine its shape
characteristics.

Figure 4 shows the drawing body shapes in the initial
drawing stage (support No. 7) for different seam dip
angles. The red dots are the drawn marked particles from
support No. 7, while the black dots are the marked particles
that are not drawn. The red dotted line is the vertical line
through the center of the support opening.

It can be seen from Fig. 4 that when o = 0°, the drawn
marked particles included all marked particles above sup-
port No. 7 and most of marked particles above supports No.
6 and No. 8. Taking the red dotted line in Fig. 4 as the axis
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Fig. 4 Inversion of the drawing body shape in the initial drawing stage: a « = 0% b o = 10°; ¢ o = 20°; d o = 30°; e o = 40°; f o = 50°

of symmetry, the drawing body shape was basically sym-
metrical, with its width on each side being equal to the
width of a support. However, for an inclined seam, the
drawing body developed rapidly on approaching the upper
side of the panel, the range of drawn marked particles on
the lower right side was clearly wider than that on the
lower left side, and the shapes of the drawing body on the
two sides were clearly different. Furthermore, this differ-
ence in shape was greater for larger seam dip angles.

The number of drawn marked particles on each side in
the initial drawing stage was counted and is plotted in

(a) Number of marked particles on the left

Fig. 5 (the particles on the axis of symmetry are not
included on either of the sides). The values represented by
the blue and red columns are the numbers of drawn marked
particles on the left and right sides, respectively. It can be
seen from Fig. 5 that the number of drawn marked particles
on the left side was basically equal to that on the right side,
which indicates that the volumes of the drawing body on
the two sides were also basically equal for different seam
dip angles.

The experimental results showed that the influence of
the seam dip angle on the drawing body is manifested only

(b) Number of marked particles on the right

le 14 12 10 8 6 4 2

2 4 6 8 10 12 14 16

Seam dip angle/°

Fig. 5 Numbers of drawn marked particles on a the left side and b the right side in the initial drawing stage
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in its shape, not in its volume. Thus, the drawing body in an
inclined seam is characterized by shape difference and
volume symmetry. The difference in drawing body shape
between the two sides is caused by the nonzero seam dip
angle. With increasing angle, the difference in shape
becomes greater, but the volume symmetry of the two sides
is unaffected.

3 Theoretical equation for drawing body shape
in an inclined seam

The overall shape of the drawing body in Fig. 4 is similar
to that obtained from the Bergmark—Roos (B-R) model
(Melo et al. 2007, 2009), and so a modification of this
model is proposed in this paper for describing the drawing
body shape in an inclined seam. For the top coal drawing
process in an inclined seam, the following factors need to
be taken into account: (1) the inclination of the support
opening; (2) the different boundary conditions on the two
ends of the opening, with an infinite boundary condition on
the lower end and an inclined boundary condition on the
upper end of opening; (3) the smaller value of the friction
between particles and supports at the upper end of the
opening compared with that among top coal particles at the
lower end, which is beneficial for top coal drawing at the
upper end. These factors differ from those in a flat seam, so
it can be expected that the drawing body shape will have
different characteristics in an inclined seam. The equation
for the drawing body along the working face is derived
here for both the initial and normal drawing stages.

3.1 Equation for the drawing body in the initial
drawing stage

3.1.1 Theoretical model of drawing body

As shown in Fig. 6, polar coordinates with O as origin are
established, with the drawing area including the angular

Fig. 6 Theoretical model of the drawing body in the initial drawing
stage in an inclined seam
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range from 0 to 180°-0, which is divided into three areas
according to the motion of the top coal particles. In Fig. 6,
the first drawing area DA contains the angular range from
0 to G'G, the second drawing area DA, contains the range
from 0 to 90°, and the third drawing area DA; contains
the range from 90° to 180°-60. Here, 05 is the maximum
angle of particle motion, 0 is the angle at which the
particles move along a straight line and just past the upper
boundary of the support opening, and O is the center point
of the lines tracing the motion of the particles.

When the top coal particles in DA, (particles a and b in
Fig. 6) move in a straight line, they will hit the tail beam of
the support. Furthermore, if the particle motion follows the
principle that the particles flow toward the opening along
paths of minimum resistance, then the paths traced by the
top coal particles in DA will change under the constraint
imposed by the tail beam. Therefore, DA is also called the
trace-variation zone. The friction between particles and tail
beam is smaller than that among top coal particles, which
results in a rapid flow of top coal particles at the upper end
of the opening.

For top coal particles in DA, and DA; (particles c, d,
and e in Fig. 6), the paths traced by their motion are not
affected by the tail beam, in contrast to particles in DA;. To
simplify the following calculation, we assume that the
motion of particles in DA, and DAj is not affected by the
seam dip angle and that they still flow along straight lines
toward O.

Furthermore, the first drawn rock particle is theoretically
located at the tangent point (point A in Fig. 6) between the
drawing body and the boundary of the top coal. In contrast
with the case of a flat coal seam, the highest point (point
B in Fig. 6) of the drawing body is slightly lower than the
boundary of the top coal.

Figure 7 shows the distribution of the velocity field
along the working face in PFC?P. From Fig. 7a, it can be
seen that when o = 0°, the velocity field distribution on the
two sides of the opening is symmetrical. The velocity is
small before the particles reach the opening, but it suddenly
increases after the particles have passed through the
opening. From Fig. 7b, it can be seen that the velocity field
on the two sides of the opening is no longer symmetrical in
an inclined seam, and the particle velocity at the upper end
is significantly larger than that at the lower end. At the
same time, the particles are no longer moving toward O in
a certain range near the tail beam (the trace-variation zone),
as a consequence of which the paths traced by the top coal
particles change. Therefore, it can be considered that in the
trace-variation zone, the center point of the lines traced by
particle movement is no longer O, but rather the point O’ at
the upper boundary of the opening, as shown in Fig. 8.
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Trace-variation
zone

Fig. 7 Distribution of the particle velocity field along the working

face: a flat seam; b inclined seam
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Fig. 8 Changes in the lines tracing particle motion in the trace-
variation zone

Based on the above analysis, the variation in the draw-
ing body shape caused by the changes in velocity of the
particles and the lines traced by their motion is shown in
Fig. 9. It can be seen that the lower right part of the
drawing body is larger than the lower left part, and the
drawing body develops rapidly toward the upper side of the
panel face, as shown by the cross-hatched area in Fig. 9

(the variation development area), which increases with
increasing seam dip angle.

"%

Fig. 9 Variation of drawing body shape in an inclined seam

Fig. 10 Projection of the support opening on the vertical plane

3.1.2 Equation for drawing body

We consider the support opening, shown by the red box in
Fig. 10 as a projection on the vertical plane. A rectangular
coordinate system is established by taking the point O as
the origin, the vertical line through O as the y axis and the
horizontal line through point O as the x axis. A polar
coordinate system is also established with O as the origin
and with the horizontal line through O as the polar axis. In
addition, the point Oy is the center of the opening, Lowp is
the projected width of the opening, Ly p is the projected
length of opening, and Ly is the distance between the point
at the lower boundary of the opening and O.
According to the law of sines, H’G satisfies

Lowp
2 __ Ix
R R .
Ly

_ Lowp
sin(0; — o) sin(n — 0g — 05)

from which the following relation among H'G, 0, and o can
be obtained:
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tan 0 = tan 0 + 2 tan « (2) Substitution of Eq. (10) into Eq. (5) gives

Therefore, 0 is given by. ﬁ L p(04) (n
2 gsin0y — gsinlg

0 = arctan(tan 0 + 2 tan o) (3)

When o # 0, it is obvious from Eq. (3) that H'G is always
larger than Og. That is, in an inclined seam, there will
always exist a region DA; where particles cannot flow
along straight lines toward O. The angle 6 depends on the
internal friction angle ¢, of the particles:

0o = 45"+ 2 (4)
H’G can be obtained by combining Eqs. (3) and (4), and then
the ranges of DA, DA,, and DAj; can be determined.

The derivation of an equation for the drawing body in an
inclined seam can be divided into two parts.

(1) The motion of the top coal particles in DA, and DAj3
can be considered as straight-line motion toward the point
0, satisfying the following equation:

1
p(8) = E(g sin 0 — gsin 0)r (5)

In an inclined coal seam, the distance h,,, between the
seam roof and the point O and the distance L, between the
points O and O can be obtained as

iy Lorp  2hy — Lopsin 8

my — = 6
coso  2cosa 2cosa (6)
LOWP sin(oc + Og) LOW sin(oc + 0(;)
Lo= = (7)
2cosOg 2 cos Og

where h,, is the thickness of the seam, L, is the inclined
length of the opening, Loy is the width of the opening, and
f is the angle between the tail beam and the seam floor.

The linear equation for the seam roof [, in rectangular
coordinates is

2hm — LOL sin ﬁ LOW sin(oc + Og)

2cosa 2cos g
=tana-x+ L¢ (8)

y=tano - x +

where L. is the distance between the seam roof and the
point O. The equation for [, in polar coordinates is

p(0) = ——C (9)

"~ sinf — tanacos 0

Theoretically, the drawing process follows the principle
of the drawing opening being closed when the first rock
particle is drawn out. The polar coordinates of the tangent
point A are (64, p(6,4)), and those of the highest point B are
(03, p(0p)). Because the point A is located on the roof [, its
coordinates satisfy Eq. (9), i.e.,

p(04) = Le (10)

~ sinf, — tanoccos 04
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from which the following equation for the drawing body in
DA, and DA (I,_3) is obtained:

sin 0 — sin Og
0) =p(0y) ————F—— 12
p(0) = pl0a) S — (12)

The derivatives of Eq. (9) and Eq. (12) can then be

calculated as
Lc(cos 0 4 tan o sin 0)
P(H);U: - 2
(sin 0 — tan o cos 0) (13)

;_ p(Os)cos0
'0(0)12*3_ sin 04 — sin Og

The two curves are both tangent to the point A, and so
their derivatives at A must be equal. From the expressions
in Eq. (13) at 0 = 6, the polar coordinates of A therefore
satisfy

(1 +tanotan04)(sinOg — sin 64)
sin 04 — tan o cos O4

=1 (14)

This can be solved for 6,4, and then the p(6,) and the
equation for the drawing body in DA, and DAj; can be
obtained. When 6 =90°, the maximum height of the
drawing body is given by

1 — sin 0(;

= p(0a) (15)

Pmax sin 04 — sin Og

(2) For the top coal particles in DA, the influence of the
seam dip angle on the drawing body shape is obvious and
the particles in this area flow along straight lines toward O'.
In an inclined seam, the particles of the upper end of the
panel face outside the drawing area also flow toward the
opening, which indicates that the frictional force acting on
the top coal particles in DA, has changed, let us say to gfj.
As shown in Fig. 10, the new polar coordinates take the
point O’ as the origin, and the horizontal line through the
upper boundary of opening as the polar axis, and the
equation for the drawing body in the new polar coordinates
(1) is now

sin Oy —
P(00r) = K e b0 i (16)

1 —sinfg
where 0o is the polar angle of a given point in the new
polar coordinates, K; is the correction coefficient for the
polar radius, and f; is the correction coefficient for the
DA,, which includes the angular range from o to 0;; in the
new polar coordinates. For /; and /,_3 to connect exactly,
the following must hold:
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. / . . /
sin 0 — sin O¢ sin 0 — fi

—Ly= Klpmax 1— (17)

pmax

1 —sin0g sin Og

where Ly is the distance between O" and point O. As can be
seen from Fig. 10, Ly can be obtained from
Ly Lowp

_ 2
sin(o+%)  sin(Z - 0) (18)

When 0y = a, the polar radius p(e) is given by

sino — fi

p(@) = Kipma | (19)

—sinfg

Finally, by combining Egs. (17)—(19), the correction
coefficients f; and K; can be obtained as follows:

M sin o — sin 0

fi= -
p(a)(1 — sin 6g)
Ki=—-—"H 7
l pmax(Sin o _fl) (20)
_ Pmax (Sin 9/(; — sin QG) . LOW COS o
~ p(@)(1—sinfg)  2cos O p(a)

In summary, the equation for the drawing body in an
inclined seam in the initial caving stage is as follows:

p(a) . M sino — sin 6
(sina—ﬁ)(smeg,_ M—1

sin 0 — sin O

sin04 —sin0g ’

L :p(0o) = )» <0y <65

12,3 : p(0)=p(9A) H/G S HS 180O - GIG

(21)

3.2 Equation for the drawing body in the normal
drawing stage

As shown in Fig. 11, the drawing area is also divided into
three parts in the normal drawing stage, and the particle
motion in each part is essentially the same as in the initial
drawing stage. That is, the line tracing the motion of a
particle in DA, (particle a in Fig. 11) is constrained by the
tail beam, and the particles cannot flow toward O. Con-
versely, particles in DA, and DAj (particles b, ¢, and d in
Fig. 11) still flow normally toward O. Therefore, the

AL
S Al
Pt 2

Fig. 11 Theoretical model of drawing body in the normal drawing
stage in an inclined seam

equation for the drawing body in the normal drawing stage
is still given by Eq. (21). The maximum height and volume
of the drawing body in the normal drawing stage are
smaller than those in the initial drawing stage. This is
because the shape of the boundary of the top coal changes
from a straight line to a curve in the normal drawing stage,
which reduces the actual maximum height of the drawn top
coal, and the development of the drawing body is then
limited by the boundary of the top coal.

To obtain the equation for the drawing body in the
normal drawing stage in an inclined seam, it is necessary to
know the polar coordinates of the tangent point A.
According to Wang and Zhang (2015) and Wei et al.
(2018), the boundary of the top coal can be approximately
described by a parabolic equation, which we shall assume
here takes the form

V4 Cly+Cx+C3=0 (22)

Then, the polar coordinates of the tangent point A must
satisfy

p(@A)'tan 04 + p(64) _ C,
p(04)tan 6, — p(HA)/ 2p(04)sin 04 + Cy (23)
p(04) = p(604) cos 6

sin 04 — sin g

The polar coordinates of A can be obtained from
Eq. (23) or by reversing the initial coordinates of the first
drawn rock particle in a numerical simulation. We denote
the correction coefficients by f> and K,, which are again
given by Eq. (20). The equation for the drawing body in
the normal drawing stage in an inclined seam is then as
follows:

( M sino — sin 0,
L p(0) = PO <90_4c> <0y <0,

(sinot — f5) M—1
b s s p(0)=p(0y) 00 =sinl 0, <0<180° — 0,

(24)

sin04 —sinOg ’

4 Shape-difference and

characteristic

volume-symmetry

The equations for the drawing body in the initial and
normal drawing stages are shown in Egs. (21) and (24),
respectively. To explain and verify theoretically the shape-
difference and volume-symmetry characteristic of the
drawing body found in top coal drawing experiments, the
shape characteristics and volume symmetry of the drawing
body are analyzed by comparing the results of theoretical
calculations and numerical simulations.
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4.1 Shape difference of drawing body
4.1.1 Initial drawing stage

Using the values of the basic numerical simulation
parameters from Zhang et al. (2018a), namely, A,, = 9 m,
Lop=17m, Loywy=15m, f=060° and 05 = 50°, the
parameters Q’G, Lo, L¢, 04, p(04), pmax» K1, and f are
calculated for different seam dip angles, and the results are
shown in Table 1. The equation for the drawing body in the
initial drawing stage is then solved with these parameter
values to give the theoretical drawing body shapes (the red
full curve in Fig. 12). Comparison with the numerical
simulation results (the blue dashed curve in Fig. 12) shows
a good match, with the small difference possibly being due
to the use of spherical elements to simulate the top coal
particles in PFC?P. The right side of the drawing body is
divided into two parts by an inflection point (the small
yellow circle in Fig. 12), with the upper part being more or
less symmetrical in shape with the left side of the drawing
body, while the lower part develops rapidly toward the
upper end of the panel face, corresponding to the variation
development area shown cross-hatched in Fig. 9. In addi-
tion, the angular coordinate of the inflection point is the
same according to both the theoretical equation and the
numerical simulation, which further verifies the correctness
of the equation.

The variations of the drawing body parameters with
increasing seam dip angle in the initial drawing stage are
shown in Fig. 13. It can be seen that with increasing seam
dip angle, both 04 and 0; gradually increase, which indi-
cates that the position of the tangent point A gradually falls
on the left side of the drawing body, while the position of
the inflection point gradually rises on the right side. In
general, the influence of the seam dip angle on the right
side of the drawing body gradually increases.

As shown in Fig. 13b, with increasing seam dip angle,
both K; and f; also show a gradually increasing trend.
Furthermore, when the seam dip angle is 10° or 20°, f is
negative. This indicates that owing to the rapid motion of
particles in DA,, the direction of the frictional force on

particles in DA, is toward the point O, which makes the
particles in DA; begin to flow toward the opening,
increasing the value of m,. on the upper side of the opening.
In contrast, when the seam dip angle is 30°, 40°, or 50°, f;
is positive. This is because at the beginning of the drawing
process in a seam with a larger dip angle, the particles in
DA, cannot remain stationary, and the particle velocity is
larger than that in DA,, so the direction of the frictional
force on particles in DA is away from the point O. In
addition, K; increases with increasing seam dip angle, and
the size of the variation development area also increases
accordingly. This is why the shape asymmetry of the two
sides of the drawing body becomes very great when the
seam dip angle is 50°, as shown in Fig. 12c.

4.1.2 Normal drawing stage

Based on numerical simulations of top coal drawing for
different seam dip angles under the same boundary of the
top coal, the coordinates of the point A can be determined
by analyzing the initial coordinates of the first drawn rock
particle. The equation for the drawing body in the normal
drawing stage can then be obtained together with the
related parameters, as shown in Table 2. Figure 14 com-
pares the theoretical drawing body shapes in the normal
drawing stage with those obtained from the numerical
simulation. It can be seen that there is a good match, which
again shows the validity of the theoretical equation. In
addition, it can be seen that the variation development area
of the drawing body grows larger and larger with
increasing seam dip angle.

4.1.3 Variations of 04 and p,,ax

The variations of 0, and p,., with seam dip angle in the
initial and normal drawing stages are shown in Fig. 15. In
the normal drawing stage, in contrast to the initial drawing
stage, with increasing seam dip angle, 0, first decreases
and then increases under the influence of the boundary of
top coal. However, 6, is always greater in the normal
drawing stage than in the initial drawing stage, which

Table 1 Drawing body parameters for different seam dip angles in the initial drawing stage

Dip angles (°) 0 () Lo (m) Lc (m) 0a () p(04) (m) Pmax (M) K fi

0 50.00 0.89 9.16 90.00 9.16 9.16 0 -

10 57.09 1.01 9.40 91.90 9.35 9.37 0.023 — 0.890
20 62.49 1.10 9.89 93.89 9.67 9.77 0.072 —0.278
30 66.92 1.15 10.69 95.96 10.14 10.38 0.142 0.096
40 70.79 1.17 11.95 97.99 10.80 11.27 0.223 0.308
50 74.38 1.15 14.01 100.40 11.68 12.57 0.278 0.374
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ST
o
3

s (a)

Fig. 12 Comparison of theoretical (red full curve) and numerically
simulated (blue dashed curve) drawing body shapes in the initial
drawing stage: a o = 0°; b o = 20°; ¢ o = 50°

indicates that the position of the point A on the left side of
the drawing body is lower in the normal drawing stage.
Moreover, with increasing seam dip angle, pax in both the
initial and normal drawing stages increases gradually, but
the difference in p,,,x between the two stage decreases
gradually, which shows that the constraint imposed by the

(a) 80 T T T T T T 104
75L —9— 06 . 1102

—v— 04 / - 100

&
@
5
(@)}
0./°

190
45 1 1 1 1 1 1
0° 10° 20°  30°  40°  50°
Seam dip angle/°
(b) 0.6 . ; : . ; 0.36
o3l o " 0.30
. r —— 1<1 T .
0/ v
0.0+ / 1024
03} o 1018 _
= X
4
-0.6F / {0.12
0.9 :/’ 10.06
-1.2 - 0.00

10° 20° 30° 40° 50°
Seam dip angle/°

Fig. 13 Variations of drawing body parameters with increasing seam
dip angle in the initial drawing stage: a 0 and 64; b K, and f;

Table 2 Drawing body parameters for different seam dip angles in
the normal drawing stage

Dip angles 0 04 ) pOn) Prmax K, f

© ) (m) (m)

0 50.02 103.54 527 598 0 -
10 57.09 10328 6.53 737 0024 — 0419
20 6249 103.11 7.67 8.63  0.066 — 0316
30 66.92 10857 7.84 1008  0.141  0.099
40 70.79 108.97 8.46 11.02 0215 0287
50 7438 109.55 9.41 1247 0290  0.399

boundary of the top coal on the development of the
drawing body decreases gradually. When the seam dip
angle is larger than 30°, the difference in p,.x 1S very
small, and the constraint imposed by the boundary can be
neglected.
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Fig. 14 Comparison of theoretical (red full curve) and numerically
simulated (blue dashed curve) drawing body shapes in the normal
drawing stage: a o = 0° b o = 20°; ¢ a = 50°

4.2 Volume symmetry of the drawing body

As shown in Fig. 16, we denote the volume of the left side
of the drawing body in an inclined seam by A;, the volume
of the right side by A,, and the total volume by V. In
addition, we denote by A; the volume of the drawing body
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Fig. 15 Variations of a 04 and b p.. in the initial and normal
drawing stages
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Fig. 16 Volume calculation for the drawing body in an inclined seam

in the angular range from o to 6 in the new polar coor-
dinates (the variation development volume) and by A, the
volume of the drawing body in the angular range from Og
to 0’6 in the initial polar coordinates (the cut volume).

According to the B-R model, the volume of the drawing
body in a flat seam, Ay, is given by
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2 ,m/2
Ay = /dA = (o Pmax / (sin 0 — sin 0)*d0
A 1 —sinfg/) Jo,
pmax

2
(P VT Y (sin? 0 4 L
- (1 sinG(;) {(2 96180) (Sm HG+2>

3
— —sin Og cos OG]
2
(25)
Therefore, A; can be calculated approximately as

1 L
A = 3 <A0 — Lo %cos oc) (26)

The volume A, is given by
1 . 2 rm/2 5
A= —2F— in0 — sin0g)"d0
2 (1 ~sin 0G> /9& (sin 0 —sin 0)
1 L

— ELo%cosoc (27)

2 40,
Jr;(KlpmaX)/ (sin0 — f)°d0

1 —sin HG

To study the effect of seam dip angle on the volume
symmetry of the drawing body, the volume symmetry
coefficient 5 is defined as follows:

Ay P ?
=2 max
n A, + <1 — sin 0g>

 KEJL" (sin0 —i)°d0 — J3¢ (sin0 — sin 0g)’*do0

Ao — Lo L"Twcosoc

Al — A
=1 _
* A
(28)

In the initial drawing stage, as shown in Table 3, the
values of A;, A,, and 5 for different seam dip angles can be
obtained by inserting the parameters from Table 1 into
Egs. (26)—-(28). From Fig. 17, it can be seen that with
increasing seam dip angle, the total volume of the drawing
body (the black plus red columns in Fig. 17) increases first

Table 3 Calculated drawing body volumes for different seam dip
angles and volume symmetry coefficient in the initial drawing stage

70 : T T T T : 2.0
“g 60} -A’
£
,_8 50L —o—1n 1L.5
2
2 40r
g 41.0 =
= 30+
2 20f
= 40.5
S
> 10

0° 10° 20° 30° 40° 50°
Seam dip angle/°

Fig. 17 Variations of drawing body volume and volume symmetry
coefficient with seam dip angle

slowly and then rapidly. However, the value of n always
fluctuates around 1 as the seam dip angle varies. Thus, in
the initial drawing stage, the shape of the drawing body is
asymmetrical, although the volumes of its left and right
sides are more or less the same.

In the normal drawing stage, similarly inserting the
parameters from Table 2 into Egs. (26)—(28) gives the
values of A;, A,, and n for different seam dip angles, as
shown in Table 4.

The volume symmetry coefficients from theoretical
calculation, numerical simulation, and physical experi-
ments are shown in Fig. 18. The drawing body shape
cannot be inverted in the normal drawing stage in physical
drawing experiments, so there are no experimental results
for 1 in Fig. 18b. Both Fig. 18a and b indicate that with
increasing seam dip angle, the value of 5 fluctuates around
1. On the one hand, this verifies the correctness of the
theoretical derivation. On the other hand, it illustrates that
the drawing body exhibits the shape-difference and vol-
ume-symmetry characteristic in an inclined seam.

Table 4 Calculating drawing body volumes and volume symmetry
coefficient for different seam dip angles in the normal drawing stage

dip angles (°) A, (m) A, (m®) A (m’) n dip angles (°) A, (m) A, (m?) A (m’) n

0 14.92 14.92 29.84 1.000 0 6.20 6.20 12.40 1.000
10 15.68 16.13 31.81 1.029 10 9.54 9.63 19.17 1.009
20 17.02 18.92 35.94 1.112 20 13.18 14.46 27.64 1.097
30 19.28 21.95 41.23 1.138 30 18.16 20.64 38.80 1.137
40 22.80 25.68 48.48 1.126 40 21.82 24.57 46.39 1.126
50 28.61 31.11 59.72 1.087 50 28.17 30.43 58.60 1.080
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Fig. 18 Volume symmetry coefficients obtained from theoretical
calculation, numerical simulation, and physical experiments: a initial
drawing stage; b normal drawing stage

5 Conclusions

(1) Taking account of the influence of LTCC support
and seam dip angle, theoretical models of the
drawing body in the initial drawing stage and the
normal drawing stage in an inclined seam have been
established. A theoretical equation for the drawing
body in an inclined seam has been proposed, which
can accurately describe the characteristics of the
drawing body shape.

(2) In an inclined seam, the shapes of the drawing body
on the two sides of the axis of symmetry are clearly
different. With increasing seam dip angle, the
friction acting on the top coal particles gradually
changes from negative to positive in the trace-
variation zone, and the tendency of top coal particles
to be drawn toward the upper side of the panel
becomes more and more obvious. The size of the
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variation development area increases accordingly,
which results in an asymmetry of the drawing body
shape.

(3) The drawing body exhibits a shape-difference and
volume-symmetry characteristic in an inclined seam.
That is, with increasing seam dip angle, the shape
asymmetry between the two sides of the drawing
body becomes more and more obvious, although the
volumes of the two sides remain nearly the same.
This is because the variation development volume is
more or less equal to the cut volume. Both theoret-
ical calculation and numerical simulation confirm
this  shape-difference and  volume-symmetry
characteristic.

(4) The results of this study are of great significance for
determining the drawing parameters and improving
top coal recovery in inclined seams, especially coal
seams with large dip angle.
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